increased to 8.6 on day 16, and then decreased on day 19 to 6.7. Choline kinase activity was signifcantly higher in the lungs of hypophysectomized embryos on days 16, 17, 18 , and 20 of incubation. In normal embryos, ethanolamine kinase activity decreased from 1.8 on day 12 to 0.8 by day 14 and again from 1.2 on day 19 to 0.6 by day 20. In the hypophysectomized embryo, ethanolamine kinase activity decreased from 3.2 on day 10 to 1.3 on day 14 and from 1.6 on day 18 to 0.8 on day 19. ~thanolamine kinase activity was significantly higher in the lungs of hypophysectomized animals on days 10,16,17, and 18. Choline kinase activity was significantly higher than ethanolamine kinase activity in the normal chick lung on all days of incubation and also after hatching, but was not higher in the adult lung. In the hypophysectomized embryo, choline b a s e activity was higher on days [14] [15] [16] [17] [18] [19] [20] . These data suggest that activity of both enzymes is, at least partially, under endocrine control.
Speculation
Inasmuch as many of the biochemical and morphologic properties of the developing chick lung are similar to those of the mammal, we postulate that at least some of the regulatory mechanisms for lung maturation are also similar. Because the avian embryo is isolated from maternal influences and can be readily hypophysectomized, it promises to be an extremely useful model system in which to study endocrine influences on lung development. phosphatidylcholine (PC) content (4, 5, 6) , and significantly reduces the activity of choline phosphotransferase in the developing lung (14) .
The chick lung is very similar to the mammalian lung morphologically and biochemically. Cells that resemble mammalian Type I and Type I1 pneumocytes have been described in the late embryonic and adult chick lung (31) . Turkey lung surfactant, like mammalian, is especially rich in PL and PC (18) . Both pathways for de novo PC synthesis, the choline incorporation (I) and phosphatidylethanolamine methylation (11) pathways, are operational in the embryonic and young chick lung (10) . Hypophysectomy of the chick embryo at 36 h of incubation delays the time of appearance of lamellar bodies and decreases the synthesis of PL in the developing lung (27) .
If hormones are involved in the regulation of enzymes in the pathways for PC synthesis in the chick embryo, as they appear to be in the mammalian fetus, then hypophysectomy of the embryo at an early age should alter normal patterns of enzyme activity during development. To test this hypothesis, we investigated the activities of choline kinase (E.C.2.7.1.32) and ethanolamine kinase (E.C.2.7.1.8.2), the first enzymes in the two pathways for PC synthesis, in the lungs of normal and hypophysectomized chick embryos, and also in normal newly hatched and adult chickens.
MATERIALS AND METHODS
Eggs. Embryonated hens' eggs (Truslow Farms, Chestertown, MD), aged 0-18 days, were incubated at 37°C until use. The age of the embryo was determined by: (1) days of incubation, and (2) staging of the embryo according to the criteria of Hamburger and Hamilton (22) . Young chicks and adult hens were also obtained from Truslow Farms.
Hypophysectomy of chick embryos. Chick embryos were hypophysectomized at 33-38 h of incubation (Hamburger and Hamilton, stage lo), using the partial decapitation method of Fugo (17) . After windowing the egg, the vitelline membrane was slit and the anterior portion of the head was ablated (at the mid-mesencephalic level). Partial decapitation at this stage removes the primordia of the eyes, upper beak, telencephalon, diencephalon, pituitary gland, and the anterior half of the mesencephalon, all of which will not regenerate (2) . The window was sealed with transparent tape and paraffin. Operated embryos were returned to the incubator (window-side up) and not subsequently rotated. The primordia of the tongue andlower beak remain and the esophagus Glucocorticoids (1, 19, 24) , estrogen (8) , thyroxine (38) , and remains patent. insulin (28, 29) have been implicated in the maturation process of Several types of control procedures were used. Surgical controls the developing mammalian lung. These hormones appear to en-consisted of embryos in which only portions of the prosencephalon hance fetal lung synthesis of surfactant, especially its major com-were removed, leaving the primorida of the hypophysis intact. ponent, dipalmitoyl phosphatidylcholine (33) . Conversely, decap-Procedural controls included eggs in which the vitelline membrane itation of the rat fetus at day 16 of gestation delays the appearance was slit but the embryo was left intact. Other eggs were windowed of lamellar bodies, decreases the total phospholipid (PL) and but otherwise left intact.
Enzyme assays. Choline kinase and ethanolamine kinase activities were assayed according to the methods of Ulane et al. (32) . Normal and hypophysectornized embryos between 8 and 21 days, normal newly hatched chicks, and adult chickens were used. Each sample consisted of 300 mg (wet weight) of tissue. For normal lungs, 3-5 samples were assayed at each stage of development studied. Because of the difficulty in obtaining hypophysectornized embryos, 2-4 samples were used for each time period in these experiments. Lungs from all control animals were also assayed.
The lungs were rapidly removed, weighed, and homogenized in 4 volumes of ice cold 0.05 M Tris-HC1 buffer, pH 8.5, and the homogenates centrifuged for 15 min at 10,000 X g at 4OC. Replicates of each lung supernatant fluid were assayed for enzyme activity.
For the choline kinase assay, the incubation medium contained 0.01 ml Tris-HCl(0.4 M, pH 8.5), 0.03 ml200 mM ATP/400 mM MgC12, 0.01 ml 30 mM (methyl-[14C]-choline chloride (specific activity = 1.62 pCi/pM, Amersham Searle) and 0.01 ml lung supernatant fluid. Samples were incubated for 40 min at room temperature. The reaction was stopped by adding of 0.02 ml glacial acetic acid and placing the samples on ice.
Aliquots (0.005 ml) of each sample were spotted 1 cm from the bottom end of 9 x 1.5 cm strips of Whatman #3 MM chromatographic paper. Control strips spotted with 0.002
were prepared. Chromatograms were run in beakers using a solvent system consisting of 6.5 ml ethyl alcohol, 3.5 ml ammonium hydroxide (30% ammonia) and 2.0 ml isopropanol. The beakers were sealed with Parafilm. The solvent was allowed to move to approximately 1 cm from the tops of the strips. After air-drying, the bottom 2.5 cm of each strip (where the [14C]-phosphorylcholine remained) was placed in a liquid scintillation vial containing 4 ml of Aquasol (New England Nuclear) (32) . The remainder of each strip was placed in a separate vial and all samples were counted in a Searle liquid scintillation counter.
The incubation mixture for the ethanolamine kinase assay consisted of 0.005 ml Tris-HC1 buffer (0.4 M, pH 8.5), 0.015 ml 200 mM ATP/400 mM MgC12,0.005 ml of 60 mM 2-[14C] ethan-1-ol-2-amine hydrochloride (specific activity = 3.3 pCi/pmol; Amersham Searle), and 0.005 ml lung supernatant.
After incubation, chromatograms were prepared as described above and developed in a solvent system consisting of 3.0 ml ethyl alcohol, 5.25 ml ammonium hydroxide (reagent grade 30% ammonia) and 6.0 ml n-butanol. [14C]-phosphorylethanolamine remained on the bottom 2.5 cm of the chromatogram. Samples were prepared for liquid scintillation counting as described for the choline kinase assay.
Control chromatograms spotted with [14C]-choline or [14C]-ethanolamine showed less than 1% of the label remained on the bottom 2.5 cm. Eficiency calibration curves showed a 95% counting efficiency by using the described assay system.
The amount protein/wet weight of tissue was determined for each lung supernatant according to the method of Lowry et al. (25) . Choline kinase and ethanolamine kinase activities were expressed as nanomoles ['4C]-phosphorylcholine or [14C]-phosphorylethanolamine produced/mg protein/min and as cpm [14C]-phosphorylcholine or [14C]-ethanolamine produced/mg protein/ min. The mean and S.E. of the mean were calculated for each time period studied. The difference between means was tested using the two-tailed Student's t test at the P 5 0.05 level.
RESULTS
Choline kinase activity. In the lungs of normal chick embryos, choline kinase activity was signiticantly higher in early embryonic life than just before hatching or in the adult lung (Fig. 1) . Significant decreases in choline kinase activity occurred between day 8 (13.0) and day 10 (10.4) and day 12 (4.0). Significant increases in choline kinase activity occurred on days 14 (6.
Values for choline kinase activity in the lungs of hypophysectomized embryos did not change significantly over the course of incubation (Fig. 2) . Enzyme activity dropped from 10.0 on day 10 to 5.9 by day 14. By day 16, activity increased to 8.6 and remained at this level until day 19 of incubation when it dropped to 6.7.
On days 10, 12, 14, and 19, choline kinase activity did not differ in lungs from normal or hypophysectornized embryos; however, activity was significantly higher in the lungs of hypophysectomized animals on days 16, 17, 18, and 20 (Fig. 2) .
Choline kinase activity in lungs from both procedural and surgical control embryos was not significantly different from normal lungs of the same age.
Ethanolamine kinase activity. In the normal chick lung, ethanolamine kinase activity was significantly higher early in development than it was just before hatching or in the adult (Fig. 1) . Ethanolamine kinase activity decreased from day 12 (1.8) to day 14 (0.8) and again from 1.2 on day 19 to 0.6 on day 20. Other dayto-day changes were not significant. Ethanolamine b a s e activity from both procedural and surgical control embryos was not significantly different from normal embryos of the same age.
In the hypophysectomized embryo, ethanolamine kinase activity decreased from day 10 (3.2) to day 14 (1.3), and from day 18 (1.6) to day 19 (0.8) (Fig. 3) . Other day-to-day changes were not significant. Ethanolamine kinase activity was significantly higher in the lungs of hypophysectornized animals than in normals on days 10, 16, 17, and 18.
Choline kinase activity was significantly higher than ethanolamine kinase activity in the normal chick lung on all days of incubation studied and also after hatching. but not in the adult ". lung (Fig. 1) . In hypophysectomized embryos, choline kinase activity was higher than ethanolamine kinase activity on days 14-20, but not at earlier stages.
DISCUSSION
During differentiation, the lung is influenced by hormones, enzymes, and other, as yet undefined, factors (4, 30, 34) . One means by which hormones affect development is through regulation of the activity of certain enzymes in the synthetic pathways for PC (34) . Therefore, by altering endocrine balance, we should be able to influence enzyme activities. This can be accomplished in the chick embryo by Fugo's technique of hypophysectomy (17) . Defects (other than in prosencephalic derivatives) in embryos hypophysectomized by this method are due to the absence of the pituitary (2). Pars distalis grafts or hormone replacement therapy restore functional defects (3).
Hypophysectomy of the rat fetus is done at 16 days of gestation (5, 6). Although pituitary control of endocrine glands does not occur in the rat fetus until 17 days of gestation (23) , some glands may be capable of earlier hormonal secretion. For example, in the chick embryo, the adrenal cortex can secrete autonomously as early as 5 days before pituitary regulation occurs (36) . If the same is true in the developing mammalian adrenal cortex, then some circulating glucocorticoids may already be present at the time of hypophysectomy. In addition, the stress of a surgical operation in mammals can cause release of maternal hormones such as glucocorticoids that may cross the placenta and affect the developing fetus (20) .
The stress response in the chick is characterized by an increase in plasma corticosterone. This response is dependent upon an intact hypothalamic-hypophyseal-adrenal axis, which is only present in the chick after 14 days of incubation (36) . Removal of the chick pituitary primordium at 36 h of incubation eliminates the possibility of any hormonally mediated stress response of the embryo to the surgical procedure; thus, the developing chick lung is a good model system for examining endocrine effects without the confounding interactions of maternal and/or stress responses. Choline kinase (CK) and ethanolamine kinase (EK) activities were significantly higher in the earlier stages (8-10 days of incubation) of normal developing chick lung. Since PC is a major component of membranes, this high level of activity probably reflects synthesis of membrane PC during the period of active growth of the bronchial tubules. The peak in CK activity on day 14 of incubation occurs at the time when the expanding vascular bed comes in close apposition to the developing air passages, and may also reflect increased membrane synthesis during this stage of development. Lower levels of CK and EK activity, measured on days 16, 17, 18, 20 , and 21 of incubation, may represent the basal level of enzyme activity needed to maintain sufficient synthesis of PC for surfactant (7, 12) and cellular membrane requirements.
The peaks in CK and EK activities just before hatching correlate with the increase in synthesis of PC by both pathways at the end of incubation (10) . A peak of CK activity in the fetal rat lung before birth was also found by Farrell et al. (16) . Chida et al. (9) reported that CK was much more active in the fetal lung than in the adult; however, both Maniscalco et at. (26) and Weinhold et al. (34) detected no change in CK activity in the fetal rat lung during the last half of gestation. Oldenburg and Van Golde (30) reported a similar lack of change in the fetal mouse lung. There is no clear explanation for the discrepancies in CK activities in these reports (13) .
either the choline incorporation nor the phosphatidylethanolamine methylation pathway predominated during the last half of incubation in the developing chick lung or in the newly hatched or young chicken lung (10) . CK activity was significantly higher than EK activity in the developing lung at all time periods studied. Some of the phosphorylcholine may be used by the embryonic lung to synthesize other compounds, such as sphingomeylin (also a major component of surfactant) and plasmogen (15) . Large reservoirs of phosphorylcholine may accumulate in the chick lung during development. Weinhold (35) reported such a pool of phosphorylcholine in the fetal rat lung.
CK activity was lower in the adult chicken lung than in any mammalian lung studied (1 1); however, because the surface area of the avian lung is much less than that of the mammalian lung, lower CK activity in the adult chicken lung does not necessarily indicate a slower turnover rate of dipalmitoylphosphatidyl choline in avian surfactant.
Because hypophysectomy has been reported to decrease phospholipid levels in the embryonic chick lung (27) , we looked at the effect of hypophysectomy on CK and EK activities. Through 14 days of incubation, the activities of these enzymes did not differ in the lungs of normal and hypophysectomized chick embryos. During this period, hypophyseal control of the endocrine glands had not been completely established (37) .
Between days 12 and 14, the pituitary-adrenal axis develops in the chick embryo and the adrenal becomes responsive to ACTH. Differences in activities of both enzymes were detected between the lungs of normal and hypophysectomized chick embryos on day 16. At this time, a significant decrease in circulating levels of corticosterone is seen in the hypophysectornized embryo (36) . CK and EK activites remain elevated for most of the remainder of the incubation period in the lungs of hypophysectornized chick embryos.
Decreased phospholipid synthesis in the adult rat lung has been shown to accompany experimental diabetes. The addition of insulin restored PC synthesis to a rate comparable to or greater than that of the normal lung (28, 29) . Insulin may have a regulatory role in PC synthesis in the lung. In the absence of glucocorticoids and growth hormone (as occurs in the hypophysectornized chick lung), insulin may be responsible for the elevated levels of CK and EK activities. Gross et at. (21) have reported an increase in CK activity when 19-day fetal rat lung explants were treated with insulin, athough no increase in PC synthesis was found.
It appears from our data that CK and EK activities are controlled, at least partially, by different mechanisms. In the lungs of hypophysectornized embryos, no significant difference could be found from one day to the next in the activity of CK. Whereas, in the normal lung, significant increases and decreases in enzyme activity occur. This suggests that the regulatory mechanisms for this enzyme have been lost in the partial decapitate and that therefore there is endocrine regulation of enzyme levels. EK activity, although elevated over normal levels in the hypophysectomized embryo, does show significant increases and decreases, which suggests both an endocrine and possibly a nonendocrine mode of regulation.
CK and EK activities are high during the early stage of development in the chick lung. Activity of both enzymes peaks just before hatching. The peaks correlate well with increases in PC synthesis before hatching. CK activity is significantly higher than EK activity at all incubation times studied and right after hatching, but not in the adult lung. Hypophysectomy has no effect on CK and EK activities during the early stages of lung development, but both enzyme activities are elevated over normal values during the last half of incubation. Each enzyme appears to be controlled by different mechanisms. Activity of both enzymes is influenced by endocrine factors.
